The genetic structure of human populations is often characterized by aggregating measures of ancestry across the autosomal chromosomes. While it may be reasonable to assume that population structure patterns are similar genome-wide in relatively homogeneous populations, this assumption may not be appropriate for admixed populations, such as Hispanics and African Americans, with recent ancestry from two or more continents. Recent studies have suggested that systematic ancestry differences can arise at genomic locations in admixed populations as a result of selection and non-random mating. Here, we propose a method, which we refer to as the chromosomal ancestry differences (CAnD) test, for detecting heterogeneity in population structure across the genome. CAnD uses local ancestry inferred from SNP genotype data to identify chromosomes harboring genomic regions with ancestry contributions that are significantly different than expected. In simulation studies with real genotype data from Phase III of the HapMap Project, we demonstrate the validity and power of CAnD. We apply CAnD to the HapMap Mexican American (MXL) and African American (ASW) population samples; in this analysis the software RFMix is used to infer local ancestry at genomic regions assuming admixing from Europeans, West Africans, and Native Americans. The CAnD test provides strong evidence of heterogeneity in population structure across the genome in the MXL sample (p = 4e − 05), which is largely driven by elevated Native American ancestry and deficit of European ancestry on the X chromosomes. Among the ASW, all chromosomes are largely African derived and no heterogeneity in population structure is detected in this sample.
Introduction
Technological advancements in high-throughput genotyping and sequencing technologies have allowed for unprecedented insight into the genetic structure of human populations. Population structure studies have largely focused on populations of European descent, and ancestry differences among European populations have been well studied and characterized (Novembre et al. 2008; Nelis et al. 2009 ). Recent studies have also investigated the genetic structure of more diverse populations, including recently admixed populations, such as African Americans (Zakharia et al. 2009; Bryc et al. 2010a) and Hispanics (Manichaikul et al. 2012) , who have experienced admixing within the past few hundred years from two or more ancestral populations from different continents.
Both continental and fine-scale genetic structure of human populations have largely been characterized by aggregating measures of ancestry across the autosomal chromosomes. While it may be reasonable to assume that population structure patterns across the genome are similar for populations with ancestry derived from a single continent, such as populations of European descent, this may not be a reasonable assumption for recently admixed populations who have ancestries from multiple continents. For example, a previous analysis of Puerto Rican samples identified multiple chromosomal regions with large, systematic ancestry differences, as compared to what would be expected based on genome-wide ancestry, and thus providing evidence of recent selection in this admixed population (Tang et al. 2007 ). Sexspecific patterns of non-random mating at the time of or since admixture can also result in systematic differences in ancestry at genomic loci as well as across entire chromosomes, such as the X and Y chromosomes, in admixed populations. For example, a recent study compared the average ancestry on the autosomes to the X chromosome in a large sample of Hispanics and African Americans (Bryc et al. 2015) and highly significant differences in ancestry were detected, with increased Native American and African ancestry, respectively, on the X chromosome in the Hispanic and African American samples, and a deficit of European ancestry as compared to the autosomes.
Previous methods (Tang et al. 2007; Jin et al. 2012; Bhatia et al. 2014) have been proposed to identify signals of selection by detecting genomic regions in admixed populations that exhibit unusually large deviations in ancestry proportions compared to what is expected based on genome-wide ancestry. For assessing significance, however, these methods require strong assumptions about the evolution of the admixed population of interest, which will generally be partially or completely unknown, including (1) the relative contribution from each of the ancestral populations to the gene pool at the time of the admixture events, (2) the number of generations since the admixture events, (3) an assumed effective population size, and (4) random mating. Significance is then assessed either analytically or through simulation studies based on these evolutionary assumptions. Misspecification of these assumptions, however, can result in false positives due to an incorrect null distribution, and regions of the genome that appear to have large ancestry differences are actually not significantly different from what would be expected when sampling variation, genetic drift after admixture, and potential bias in local ancestry estimation is appropriately taken into account (Bhatia et al. 2014) .
Here, we consider the problem of detecting heterogeneity in ancestry across the genome in admixed populations. We propose the Chromosomal Ancestry Differences (CAnD) test for the identification of chromosomes that harbor genomic regions with significantly different proportional ancestry as compared to the rest of the genome. For each sampled individual, CAnD incorporates ancestry inferred at genomic regions using local ancestry methods, such as HAPMIX (Price et al. 2009) or RFMix (Maples et al. 2013) , and tests for systematic differences in genetic contributions to the chromosomes from the underlying ancestral populations. The CAnD method takes into account correlated ancestries among chromosomes within individuals for improved power, and the method can be used for the detection of ancestry differences among the autosomes, as well as between the autosomes and the X chromosome.
We perform simulation studies using real genotype data from Phase III of the HapMap Project (Altshuler et al. 2010) to evaluate the type I error rate and power of CAnD. We also apply CAnD to the HapMap Mexican Americans from Los Angeles, California (MXL) and African Americans from Southwest U.S.A. (ASW) population samples for the detection of heterogeneity in population structure. In this analysis, RFMix is used to infer European, Native American, and African ancestry at genomic locations across the autosomes and the X chromosome using RFMix. In both simulation studies and in HapMap, we compare heterogeneity testing of ancestry for the autosomes and the X chromosome with CAnD to the t-test that does not account for ancestry correlations among chromosomes of an admixed individual.
Methods

Chromosomal and Genome-wide Ancestry Measures
Let n be the number of unrelated individuals sampled from a population derived from K ancestral subpopulations. For individual i, i ∈ {1, . . . , n}, we define the overall, or genomewide, ancestry of i as measured across the autosomal and X chromosomes. (For males, ancestry on the Y chromosome could also be included when calculating genome-wide ancestry if this information is available). Quantitatively, we denote the genomewide ancestry vector for individual i as a i = (a i1 , . . . , a iK ) T , where a ik is the proportion of ancestry from subpopulation k for individual i, a ik ≥ 0 for all k, and ∑ K k=1 a ik = 1. Consider the set G of autosomal and X chromosomes, i.e., G = {1, . . . , 22, X}. Denote the genetic ancestry for individual i on a particular chromosome c ∈ G as a c i = (a c i1 , . . . , a c iK ) T . For each chromosome c, denote G −c = G \ {c} to be the set of all chromosomes excluding c, i.e., G −c = {1, 2, . . . , c − 1, c + 1, . . . , 22, X}, G −1 = {2, . . . , 22, X} and G −X = {1, 2, . . . , 22}. Define a −c ik = 1 22 ∑ M∈G −c a M ik to be the mean of all chromosomal ancestries with chromosome c excluded for subpopulation k and individual i. Note for individual i, a −X ik = 1 22 ∑ M∈G −X a M ik is the average autosomal ancestry for subpopulation k. We define D c ik = a −c ik − a c ik to be the difference in ancestry between a given chromosome c and the mean ancestry of all other other chromosomes in individual i for subpopulation k. We denote D c k to be the mean of the D c ik values across all individuals i ∈ {1, . . . , n}.
The CAnD Test
Consider the previously defined set G consisting of the autosomal and X chromosomes. To test for heterogeneity in ancestry from subpopulation k among a subset G s of G, where G s could also be G i.e., G s ⊆ G, that contains m chromosomes, we first calculate a statistic T c k for each chromosome c ∈ G s that is the mean of the standardized proportional ancestry differences for population k between c and the pooled average ancestry of all other chromosomes in G s within each of the n sampled individuals, where
and σ ck is the standard deviation of D c k (defined in the previous subsection). Under the null hypothesis of no ancestry differences among the m chromosomes, T c k approximately follows a normal distribution with mean 0 and variance 1 for each c ∈ G s , and the multivariate statistic
where Σ is the m × m covariance matrix of T k , allowing for correlation among the T c k statistics. To test for heterogeneity in ancestry from population k among the m chromosomes in G s , we propose the chromosomal ancestry differences (CAnD) test statistic
where T k is T k calculated with σ ck evaluated at σ ck for each chromosome c, and Σ is an estimate of Σ. Under the null hypothesis, CA k approximately follows a χ 2 distribution with m degrees of freedom. Details about the estimators Σ and σ ck for Σ and σ ck , respectively, that we propose are given in Appendix A.
Simulation Studies
In order to assess type I error and power of the CAnD method, we performed simulation studies using real data from the HapMap CEU (Utah residents with ancestry from northern and western Europe from the Centre d'Étude du Polymorphisme Humain collection) and YRI (Yoruba in Ibadan, Nigeria) populations. Each simulated replicate consisted of simulated chromosomes for 50 admixed individuals that were derived from 118 CEU and YRI haplotypes on chromosomes 1 and 2, where the chromosomal haplotypes consisted of 5,000 evenly spaced markers (Altshuler et al. 2010 ) across the chromosome. Each simulated admixed individual i ∈ {1, . . . , 50} has admixture vectors for chromosomes 1 and 2 of the form a 1 i = (a 1 i1 , a 1 i2 ) T and a 2 i = (a 2 i1 , a 2 i2 ) T , respectively, where a 1 i1 and a 2 i1 are the population 1 ancestry proportions on chromosomes 1 and 2, respectively, and a j i1 + a j i2 = 1 for j = 1, 2. We denote CEU and YRI to be populations 1 and 2, respectively, in the simulation study, and proportional CEU ancestry on chromosome 1 for individual i is a 1 i1 = α i1 + 1 i1 , where α 1 i1 is drawn from uniform distribution on [0.05,0.45] and 1 i1 is drawn from a N(0, 8.2e − 04) distribution. The variance of 1 i1 corresponds to an estimate of the average variance across the autosomal chromosomes for European ancestry within admixed individuals from the HapMap MXL. For chromosome 2, a 2 i1 = α i1 + 2 i1 , where 2 i1 is a random ancestry effect for chromosome 2 that follows a N(µ, 8.2e − 04) distribution, where 0 ≤ |µ| ≤ 1. Under the null hypothesis, µ = 0, i.e., there is no difference in mean ancestry between chromosomes 1 and 2, and |µ| > 0 under the alternative hypothesis. Each chromosome 1 for individual i is constructed from the CEU and YRI haplotypes, where the chromosome has proportions a 1 i1 and 1 − a 1 i1 , respectively, from a randomly drawn CEU haplotype and a randomly drawn YRI haplotype. The two copies of chromosome 2 for individual i are similarly obtained.
For each simulated individual, chromosomal-wide ancestry proportions were estimated from the genotype data using the FRAPPE software program (Tang et al. 2005) , which uses a likelihood-based model to infer each individual's ancestry proportions. Included as reference samples in the FRAPPE runs were 58 CEU and 57 YRI HapMap samples, and the number of reference populations was set to two. The reference samples used for the FRAPPE analyses were different from those used to simulate the admixed individuals' genotypes. With the resulting FRAPPE proportions, we implemented the CAnD method to identify heterogeneity in population structure across two chromosomes. A variety of µ values were considered for the assessment of type I error and power at different significance levels.
HapMap MXL and ASW
We considered detection of heterogeneity in ancestry across the genome in unrelated HapMap MXL and ASW samples. REAP (Thornton et al. 2012 ) was used to infer both known and cryptic relatedness in the MXL and ASW, and a subset of 53 MXL individuals and a subset of 45 ASW individuals with inferred relationships less than third degree were identified and included for the ancestry heterogeneity analysis. Of the unrelated subset of 53 MXL individuals, there were eight singletons, 20 families with two individuals included and one family with three individuals. Among the 45 unrelated ASW individuals, there were 23 singletons and 11 families with two individuals that were included. There were 27 females and 26 males in the unrelated HapMap MXL subset, and 25 females and 20 males in the unrelated HapMap ASW subset. We also performed CAnD tests stratified by sex to determine if there was any bias in the results due to copy number differences in the X chromosome for males and females.
We used the RFMix software (Maples et al. 2013) to estimate local ancestry across the autosomes and the X for all HapMap MXL and ASW samples. RFMix allows for more than two ancestral subpopulations and in both the HapMap MXL and ASW analyses, and we assumed ancestral contributions from African, European and Native American populations. The HapMap CEU and YRI samples were included as the reference population panels in the local ancestry analysis for European and African ancestry, respectively, and the Human Genome Diversity Project (HGDP) (Li et al. 2008 ) samples from the Americas were included as the reference population panel for Native American ancestry. All samples were phased and sporadic missing genotypes were imputed using the BEAGLE v.3 software (Browning and Browning 2007) . Recombination maps for each chromosome were downloaded from the HapMap website (Altshuler et al. 2010) and were converted to Human Genome Build 36. There was no phasing conducted on the X for males since a male only has one X chromosome. Only SNPs that were genotyped in both the HapMap and HGDP datasets were considered in the local ancestry analysis. For local ancestry on the X chromosome, SNPs on the non-pseudoautosomal regions, where there is no homology between the X and Y chromosomes, were considered.
We compared CAnD when using global ancestry for each chromosome estimated using the FRAPPE software (Tang et al. 2005) to CAnD when using local ancestry estimated across the chromosomes with RFMix. For each chromosome, a supervised global ancestry analysis was conducted separately for the HapMap MXL and ASW population samples with FRAPPE. The number of ancestral populations was set to three and the same reference population samples used in the RFMix local ancestry analysis were also used with FRAPPE. Since males only have one allele at each of the X chromosome SNPs, one of the alleles at an X-linked SNP was coded to be missing in the FRAPPE analysis, although we found that coding male genotypes as homozygous in the FRAPPE analysis yielded nearly identical results.
Results
Assessment of Type I Error
In the simulation studies for detecting ancestry heterogeneity, FRAPPE was first used to estimate proportional ancestry on chromosomes 1 and 2 for each simulated admixed individual. To ensure that the FRAPPE estimates were accurate when using unphased genotypes from 5,000 SNPs on a chromosome, we first compared the FRAPPE ancestry estimates to the simulated ancestry. The differences between the FRAPPE estimates and the simulated ancestry proportion values have mean of -5.147e-06 (SD=0.018), indicating FRAPPE can accurately estimates chromosomal ancestry proportions when using a set of 5,000 markers ( Figure S1 ).
To assess the type I error rate of CAnD, we simulated admixed chromosomes for 50 sampled individuals under the null hypothesis of no ancestry differences among the chromosomes, on average. The empirical type I error rates for the CAnD test at the α = 0.01, 0.005, and 0.001 significance levels calculated using 5,000 simulated replicates are given in Table 1 . The CAnD test is properly calibrated for all significance levels considered. Empirical type I error rates are not significantly different from the nominal levels, as can be seen from the 95% confidence intervals given in the table.
Power Evaluation and Comparison
We evaluated the power of the CAnD method for an admixed sample of 50 individuals. The values of µ, the mean difference in ancestry between chromosomes 1 and chromosome 2, ranged from 0.005 and 0.25. We also compared the power of CAnD to a pooled t-test that ignores the correlation of ancestry across chromosomes within an individual. Although ancestry across chromosomes are not independent within an individual, we present this method for comparison to CAnD as it has been used in previous studies for the testing of ancestry differences between the autosomal chromosomes and the X chromosome in admixed populations (Bryc et al. 2015) .
Empirical power results at the α = 0.01 significance level using the CAnD and pooled t-test are given in Figure 1 . CAnD has higher power than the pooled t-test for all values of µ considered, and significantly higher values for low to moderate values of µ. For example, there is essentially no power to detect a mean difference in ancestry of 5% between the two chromosomes with the pooled t-test, while CAnD has power that is close to 1. The loss in power with the pooled t-test is due to the test not accounting for the correlation in ancestry between chromosomes within an individual. We recommend the CAnD test over the pooled t-test for improved power to detect ancestry differences among chromosomes.
Figure 1
Power of the CAnD Test in Simulated Data. The proportion of tests rejected at a significance level of 0.01 when using the CAnD method as compared to the pooled t-test under increasing differences in ancestry proportion between chromosomes. For each simulated ancestry proportion difference, the proportion of tests rejected was calculated from 500 independent simulations of 50 samples each.
HapMap ASW Ancestry
The predominant genome-wide ancestry in all 87 HapMap ASW subjects is African. Table 2 shows the mean and SD of the local ancestry estimates by chromosome in each of the ancestral populations and accompanying Figure 2A shows violin plots of the local ancestry results by chromosome. RFMix estimated 11 individuals to have no European ancestry on the X chromosome, and the maximum European ancestry on the X chromosome is 0.67. On the other hand, nine individuals are estimated to have an X chromosome entirely of African ancestry, where the proportion ranges from 0.33 to 1. We see these patterns in the barplots shown in Figure 3A which displays the proportion ancestry for each sample. Across both the autosomes and the X chromosome, the proportion Native American is quite small over all samples. Fifty-seven individuals are estimated to have no Native American ancestry on the X chromosome. While the proportion of Native American ancestry is larger on the autosomes than the X chromosome, on average, it remains small in magnitude and we conclude that Native American ancestry is negligible in this sample of individuals. Furthermore, we detect more African and less European ancestry on the X chromosome than the autosomes, overall. We calculated the correlation of ancestry proportions across the autosomes and X chromosome for each ancestral subpopulation. Correlation between the autosomal and X chromosome Native American ancestry is highest at 0.78. The European and African correlations between autosomal and X chromosome proportions are 0.20 and 0.17, respectively.
HapMap MXL Ancestry
From our local ancestry analysis of the 86 HapMap MXL individuals, we found the predominant ancestries to be European and Native American, as expected based on previously reported results (Bryc et al. 2015; Thornton et al. 2012) , with African ancestry being quite modest with little variation. Table 2 shows the mean and SD of the average local ancestry estimates by chromosome and averaged across the autosomes within the MXL samples. Interestingly, Native American ancestry is highest on Table 1 Empirical Type I Error. CAnD Empirical Type I Error (95% CI) at significance levels α = 0.01, 0.005, and 0.001 based on 5,000 simulated replicates. This simulation setting was conducted under the null hypothesis where the randomly drawn ancestry proportions of an admixed individual are the same for both chromosomes 1 and 2. the X chromosomes, with a mean of 57.4% (SD=24.8%), while for the autosomes, European ancestry is highest with a mean of 50.8% (SD=14.9%). African ancestry on the autosomes and the X chromosome, however, are quite similar, with mean values of 4% and 5%, respectively. Figure 2B shows violin plots by chromosome of the RFMix local ancestry estimates in the MXL samples. The plots illustrate the marked increase in proportional European ancestry across the autosomes, and, correspondingly, a decrease in proportion Native American ancestry on the autosomes as compared to the X chromosome. Estimates of ancestry on chromosome 21 and 22 are less variable than estimates across other chromosomes. Figure 3B shows barplots of the ancestral proportions within each individual. The proportion of both European and Native American ancestries on the X chromosome ranges from 0 to 1. The range and variation of the European and Native American ancestries on the X chromosome are larger than those estimated across the autosomes. Furthermore, Native American and European ancestries on the X chromosome are almost perfectly negatively correlated (corr=-0.98).
We also calculated correlation in autosomal and X chromosome ancestries. The correlation between the autosomal and X chromosome European ancestry is 0.71 and is the highest, and the Native American correlation is 0.67. With a correlation of 0.03, there is essentially no African ancestry correlation between the autosomes and the X chromosome, which likely is attributed to the small contribution of African ancestry to the HapMap MXL.
There is one male MXL individual who has an X chromosome that inferred to be completely Native American derived. The phased RFMix results of this individual's mother indicates that one of her X chromosomes is entirely Native American while her other X chromosome is 69% Native American and 31% European, with five ancestry switches on the chromosome. Figure 4 shows histograms of the mean difference between the autosomal and X chromosome ancestry proportions for the sets of 45 unrelated ASW ( Figure 4A ) and 53 unrelated MXL (Figure 4B ) individuals, with a smoothed density line overlaid. The mean difference in European ancestry between the autosomes and the X chromosome is 0.12, and the mean difference for Native American ancestry is -0.13. Based on our simulation studies, we expect to have high power to detect such large differences in ancestry between the autosomes and the X chromosome for a sample of this size. For the ASW samples, however, the mean difference between the X chromosome and the autosomes for the two predominant ancestries, African and European, is 0.04, which is much smaller than the predominant ancestry differences observed in the MXL. We expect the power to detect a mean difference in ancestry between the X and the autosomes in the ASW to be much lower, as compared to the MXL, due to the both smaller mean ancestry differences and smaller sample size.
Ancestry Heterogeneity Testing in HapMap MXL and ASW
We applied the CAnD test to a set of 53 unrelated MXL samples. The genome-wide combined CAnD p-values are 0.592, 4.01e-05 and 9.57e-06 for the African, European and Native American ancestries, respectively. To understand which chromosomes are driving the significance found in the European and Native American ancestries, Figure 5 shows, by chromosome, the unadjusted ( Figure 5A ) and Bonferroni-adjusted (Figure 5B) p-values from the CAnD test in the HapMap MXL for the three ancestries. Chromosome 7 and the X chromosome have a larger proportion of Native American ancestry as com- pared to the mean Native American ancestry of all other chromosomes pooled together, before adjustment for multiple testing. The same result holds for the X chromosome when considering European ancestry. Chromosome 8 has a larger proportion of African ancestry than a pool of all other chromosomes. After the Bonferroni multiple testing correction, the X chromosome remains significant in the European and Native American ancestries. No other chromosomes obtain statistical significance after correction for multiple testing. Ancestry as estimated from the X chromosome is statistically significantly different from the ancestry estimates across any and all of the autosomes.
CAnD applied to the set of 45 unrelated ASW samples yielded no significant results with genome-wide combined p-values of 0.122, 0.0858, 0.243 for the African, European and Native American ancestries, respectively ( Figure S2 ). As previously mentioned, the autosomes and the X chromosome are predominantly African derived in the ASW, and a larger sample size is needed to achieve enough power to detect the smaller ancestry differences among chromosomes in the ASW. Indeed, in much larger population-based samples of African Americans (Bryc et al. 2015 (Bryc et al. , 2010a , increased African ancestry and decreased European ancestry has been reported for the X chromosome as compared to the autosomes.
To assess whether inclusion of the X chromosome biased the CAnD results for the autosomal chromosomes within the HapMap MXL individuals, we performed the analysis using only the autosomes. When excluding the X chromosome, African ancestry on chromosome 8 remains significant and Native American ancestry on chromosomes 4 and 22 are significant at a 0.05 threshold ( Figure S3 ), similar to the results when the X chromosome is included in the CAnD analysis. After correction for multiple testing using the Bonferroni procedure, however, no estimates remain significant, indicating that the significance in heterogeneity detected with CAnD is being driven by ancestry differences between the X chromosome as compared to the autosomes.
Previous studies have identified a significant difference between autosomal and X chromosome ancestry proportions in individuals from admixed populations (Bryc et al. 2015) , where this difference has been assessed using a pooled t-test that ignores the correlation of ancestries among the autosomes and the X chromosome within an individual. We compare the performance of the pooled t-test to the CAnD test for detecting differences in ancestry between the X chromosome and the autosomes in the HapMap MXL samples. The pooled t-test finds significant differences in European ancestry and Native American ancestry between the autosomes and the X chromosome, with a p-value of 0.001 for both analyses. In comparison, the CAnD p-values comparing mean European ancestry and Native American ancestry on the X chromosome are 9.17e-07 and 1.13e-06, respectively, which is more than three orders of magnitude smaller than the pooled t-test. No significant differences in African ancestry were found using either method.
Comparison of CAnD Results Using Local Versus Global Ancestry Estimates
We performed a CAnD analysis in the HapMap MXL and ASW using ancestry estimates for each chromosome with FRAPPE that uses unphased genotype data and assumes independent markers. We compare these results to the CAnD results reported in the previous subsection that used local ancestry estimates from RFMix, which takes into account LD among SNPs and requires phased genotype data. With the FRAPPE estimates for the ASW, no chromosomal ancestry differences were detected with CAnD, similar to the CAnD analysis results with local ancestry estimates from RFMix. Interestingly, we found that the CAnD results are slightly more significant for the MXL when using ancestry estimates from FRAPPE as compared to the estimates from RFMix, particularly for detecting differences in European ancestry across the genome ( Figure S4 ). Inference on population structure heterogeneity in the HapMap ASW and MXL, however, is qualitatively the same with CAnD when using either local ancestry versus global ancestry estimates from RFMix or FRAPPE, respectively.
We also compared autosomal-wide and X chromosome ancestry estimates from RFMix and FRAPPE using genotype data for the HapMap MXL and ASW population samples. Table 3 shows the correlation of the ancestry estimates from the methods for each ancestral subpopulation. For the two predominant ancestries in the MXL (European and Native American) and ASW (African and European), the correlation between the ancestry estimates for the autosomes from RFMix and FRAPPE are all greater than 0.99, and is 0.95 or greater for the X chromosome. As previously mentioned, there is very little Native American ancestry and African ancestry in the ASW and MXL, respectively. Nevertheless, with a correlation of 0.99, Native American ancestry estimates on the autosomes are nearly perfectly correlated between RFMix and FRAPPE, and the correlation between the estimates is 0.90 for Native American ancestry on the X chromosome in the ASW. For proportional African ancestry in the MXL, the correlation between the two estimates is 0.893 for the autosomes and 0.93 for the X chromosome. So, for the predominant ancestries in the MXL and ASW, there appears to be little difference in estimating autosomal ancestries with FRAPPE or by averaging local ancestry estimates from RFMix. There is high concordance between the methods for the predominant ancestry in ASW and MXL for the X chromosome as well. In general, there is less concordance between the methods when estimating proportional ancestries from populations with relatively small contributions to the admixed population, and local ancestry estimates, such as RFMiX, are likely more accurate in inferring low levels of ancestral contribution, than global ancestry methods, such as FRAPPE.
Assortative Mating for Ancestry in the HapMap MXL
The CAnD test identified significant heterogeneity in ancestry among the HapMap MXL chromosomes. Systematic differences in ancestry at genomic loci on chromosomes can be due to sexspecific patterns of non-random mating at the time of or since admixture. We investigated assortative mating between pairs of individuals in the HapMap MXL for which there is a documented offspring; there are 24 such pairs. However, we excluded three mate pairs due to cryptic relatedness (described earlier) with other mate pairs, resulting in a subset of 21 independent mate pairs included in our assortative mating analysis.
We used an empirical distribution to assess if the observed correlations of ancestry between mate pairs are significantly different from what would be expected under the null hypothesis of random mating. In particular, we randomly permuted the MXL mate pairs 5,000 times, and for each of the 5,000 permutations, we calculated correlations of the mate pairs for each of the three ancestries (European, Native American, and African). The correlations of each ancestry on the autosomes and the X chromosome between mate pairs from the 5,000 permutations were then used to construct empirical distributions under the null hypothesis of random mating in the MXL. The distributions of ancestry correlations among mate pairs are centered around zero when there is random mating, with a standard deviation around 0.2 for each of the three ancestries ( Figure S5 ).
We first tested the null hypothesis versus an alternative hypothesis of assortative mating for ancestry using the observed correlations among mate pairs and the empirical null distributions. Table 4 shows the p-values for the autosomal and X chromosome correlations of African, European and Native American ancestry proportions calculated from the 21 MXL mate pairs. There is significant evidence of assortative mating for European and Native American ancestries on the autosomes in the HapMap MXL, with corresponding p-values of 0.015 and 0.017, respectively. There is also significant evidence for assortative mating based on European and Native American ancestry on X chromosome, with p-values of 0.011 and 0.007, respectively. The p-values remain significant, even after Bonferroni correction for testing three ancestries. There is not significant evidence of assortative mating for African ancestry for either the autosomes or the X chromosomes (p=0.26 and 0.14, respectively). For testing the null hypothesis of random mating versus an alternative hypothesis of non-random, e.g., assortative or dissasortative mating, a two-sided test can be conducted. The p-values for this test are given in Table 4 and are roughly twice the assortative mating p-values. We also performed permutation tests to assess evidence of assortative and non-random mating for 11 HapMap ASW mate pairs with a documented offspring. No significant evidence of assortative mating in the ASW was detected, and ASW p-values for the three ancestries tested are given in Table 4 .
Ancestry Equilibrium on the X Chromosome Under Random Mating After Initial Admixture Event
We also investigated the number of generations required for males and females to reach ancestry equilibrium on the X chromosome in a randomly mating population. We considered the setting where there is admixing between two ancestral populations and where mate pairs at the initial admixture event consist of males with ancestry entirely from one of the populations and females having ancestry derived from the other population. We then performed a simple computation to estimate proportional ancestry for each generation assuming random mating and after an initial admixing event between founder females and males with the most extreme setting of discordant ancestry between the two sexes at the time of admixture. Figure 6 shows the proportion ancestry by generation in the admixed population for males and females. A recent finding published a similar result, although the initial ancestry proportions considered did not include the extreme proportions as we did here (Goldberg and Rosenberg 2015) . We find an equilibrium of 1/2 is reached for autosomal ancestry in males and females in the first generation. Proportional ancestry on the X chromosome for males and females tends to an equilibrium of 2/3 and 1/3 of the founder female and male ancestries, respectively, that is achieved around eight generations after the initial admixing event. This result is not surprising since females contribute 2/3 of the X chromosomes in a population. A recent study developed a model that showed the 2/3 and 1/3 ancestry proportions on the X chromosome in admixed populations derived from two ancestries with a single admixture event may be accurate, but is not correct if the admixing is ongoing (Goldberg and Rosenberg 2015) . Nevertheless, whether a single admixture event or ongoing admixture is assumed, the X chromosome and the autosomal chromosomes will not have the same equilibrium ancestry proportions in an admixed population when males and females have different ancestries at the time of the admixture event(s).
Figure 6 Ancestry Proportions By Generation Under Random
Mating. The proportion of ancestry for the autosomes and the X chromosome by sex, assuming females and males have opposite ancestries at the initial admixture event. After the initial admixture event, random mating is assumed. The gray line shows the equilibrium proportions on the X chromosome.
Discussion
Systematic ancestry differences at genomic loci may arise in recently admixed populations as a result of selection and ancestry related assortative mating. Here, we developed the CAnD method for detecting heterogeneity in population struc-ture across the genome in populations with admixed ancestry. CAnD uses ancestry inferred from SNP genotype data to identify chromosomes that have significantly different contributions from the underlying ancestral populations. The CAnD method takes into account correlated ancestries among chromosomes within individuals for both valid testing and improved power for detecting heterogeneity in population structure across the genome. Some additional features of the CAnD method are:
(1) X chromosome data can easily be incorporated in the analysis; and (2) the method can be used for testing heterogeneity in ancestry among any subset of chromosomes in the genome. We performed simulation studies with admixture and real genotype data from HapMap. We demonstrated that CAnD had appropriate type I error. We also showed in the simulation studies that the CAnD test has higher power to detect heterogeneity in ancestry between chromosomes than a pooled t-test that does not take account correlations in ancestry among chromosomes.
We applied the CAnD method to the HapMap MXL population sample where significant heterogeneity in European ancestry and Native American ancestry was detected across the genome (autosomes and the X chromosome), with p-values of 9e-07 and 1e-06, respectively. A subsequent analysis showed that the heterogeneity in ancestry across the MXL genomes detected by CAnD is largely due to elevated Native American ancestry and deficit of European ancestry on the X chromosomes. These results are consistent with previous reports for U.S. Hispanic/Latinos (Bryc et al. 2015) and Latin Americans (Bryc et al. 2010b) , where it has been suggested that the X versus autosomal differences are likely due to sex-specific patterns of gene flow in which European male colonists contributed substantially more genetic material than European females at the time of admixture. There was no significant evidence of genetic heterogeneity in the HapMap ASW detected by CAnD and no significant differences in ancestry between the autosomal chromosomes and the X chromosome were detected. The autosomal chromosomes and the X chromosome in the ASW are largely African derived, and a larger sample is required to have adequate power for the detection of chromosomal ancestry differences in this population.
The CAnD method can incorporate estimates of local ancestry at specific locations across the genomes, using software such as RFMix, or proportional ancestry estimates for each chromosome with software such as FRAPPE or ADMIXTURE. We compared the CAnD results for the HapMap MXL when using local ancestry estimates from RFMix, which requires phased genotype data, to the results when using chromosomal ancestry estimates with FRAPPE where unphased genotype data was used. Heterogeneity in ancestry was detected with CAnD when using either local ancestry estimates from RFMix or chromosomal ancestry estimates from FRAPPE. Interestingly, p-values were slightly smaller when using estimates from FRAPPE that were based on unphased genotype data as compared to using local ancestry estimates from phased genotype data. This result might be an artifact of there being some errors in the phasing and RFMix not appropriately taking into account uncertainty in the phasing when estimating local ancestry.
In the present paper, CAnD was used to identify entire chromosomes with ancestry contributions that are significantly different than expected. If local ancestry estimates are available, CAnD can be used to follow-up on the chromosomal findings by fine-mapping the specific regions that may be under selection. CAnD can be used with a sliding window or a set of genes within a chromosome to localize areas that exhibit hetero-geneity in population structure. Future work will consider this approach.
We also investigated the number of generations required for ancestry on the X chromosome to reach equilibrium in males in females after a single admixing event with two populations. In the most extreme setting where all males are from one population and all females are from the other population at the time of admixture, approximately eight generations are required under random mating between males and females to reach ancestry equilibrium on the X. Estimates of the number of generations since admixture in the Mexican population (Johnson et al. 2011) range from 10 to 15. It is reasonable to assume that equilibrium on the X chromosome for males and females should have been reached in the Mexican population if mating in this population is at random. Previous studies (Risch et al. 2009; Sebro et al. 2010) , however, have shown evidence of non-random mating in Mexican populations. In the HapMap MXL, between mate pairs that produced an offspring, we also detected significant evidence of assortative mating, where the correlation of European and Native American ancestries on both the autosomes and the X chromosome is significantly higher than what would be expected under the null hypothesis of random mating. Evaluating differences in ancestry on the X chromosome between males and females may potentially be a useful tool for the detection of non-random mating in recently admixed populations, since under the most extreme setting of discordant ancestry between males and females at the time of admixture, we find that that there should be no difference in ancestry on the X chromosome between males and females after eight generations of random mating. This is future work to be considered.
The CAnD method is implemented in the R language and is available from Bioconductor (http://www.bioconductor.org) as part of the CAnD package.
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